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Cerebroside sulfate activator protein is a small, heat-stable protein that is exceptionally resistant to proteolytic 
attack. This protein is essential for the catabolism of cerebroside sulfate and several other glycosphingolipids. 
Protein purified from pig kidney and human urine was extensively characterized by reversed-phase liquid 
chromatography and electrospray mass spectrometry. These two sources revealed 20 and 18 different molecular 
isoforms of the protein, respectively. Plausible explanations of the structures of the majority of these isoforms 
can be made on the basis of accurate molecular mass assignments. The reversed-phase chromatographic and 
electrospray mass spectrometric properties of enzymatically deglycosylated and disulfide-reduced protein were 
also compared. In addition to a demonstration of the power of electrospray ionization mass spectrometry 
for revealing a wealth of information on protein micro heterogeneity and structural detail, the results also 
demonstrate the utility of this technique for monitoring spontaneous chemical and enzymatically mediated 
changes that occur as a result of metabolic processing and protein purification. Copyright © 1999 John Wiley 
& Sons, Ltd. 

KEYWORDS: pig kidney and human urine cerebroside sulfate activator protein; saposin B; electrospray mass spectrometry; 
reversed-phase high-performance liquid chromatography 



INTRODUCTION 



Because lipid binding and transport proteins facilitate 
lipid transport in an aqueous environment, they are essen- 
tial for normal cellular function. There are two main 
classes of lipid binding proteins: the so-called /J-sheet 
clam structures 1 and the a-helical amphipathic barrel 
structures. 2 Cerebroside sulfate activator (CSAct), which 
belongs to the second of these classes, and related proteins 
have been collectively referred to as saposin-like proteins 
in recognition of a common structural motif 3 consisting 
of 4-5 helical bundles with 45-60% a-helical content 
and conserved sequence homology which includes three 
disulfide bridges, a set of hydrophobic residues and a gly- 
cosylation site. This class of proteins, which is widely dis- 
tributed in nature, has also been referred to as swaposins 
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in recognition of circular permutations within the encod- 
ing genes. 4 NMR investigations of another member of this 
protein class (NK-lysin) have suggested the presence of a 
common fold in their solution conformation. 5 As a class 
they have not yet been extensively studied and their struc- 
tures and modes of action are poorly understood. CSAct 
is the best known example of this class of proteins and 
represents a model system for their study. 

CSAct, a small, heat-stable protein which is excep- 
tionally resistant to proteolytic enzymes, is involved in 
the catabolism of cerebroside sulfate (CS) and several 
other glycosphingolipids 6 7 (for reviews see Refs. 8-12). 
It has been referred to by a number of names includ- 
ing sphingolipid activator protein 1 (SAP-1), 13 saposin B 9 
and the non-specific activator protein. 14 Genetic defects 
in human CSAct lead to arylsulfatase A-positive forms 
of metachromatic leukodystrophy, 15,16 a progressive neu- 
rodegenerative disease. 17 The gene for the precursor to 
CSAct, prosaposin, has been cloned 18-21 and several 
disease-related mutations identified (see Ref. 10 for sum- 
mary). One function of CSAct involves extraction of a 
lipid ligand from membrane fragments incorporated into 
lysosomes and presentation of the lipid substrate to aryl- 
sulfatase A or other enzymes for hydrolysis of the sul- 
fate group or other hydrophobic adducts. 11 However, it is 

Received 19 January 1999 
Accepted 8 July 1999 



CEREBR0S1DE SULFATE ACTIVATOR PROTEIN 



1041 



thought that this protein also facilitates the transport of 
lipids between membranes, 22,23 and the incomplete over- 
lapping tissue distributions of CSAct and CS suggests the 
possibility of yet additional unknown functions. 

A full description of the three-dimensional coordi- 
nates of the protein, delineation of the hydrophobic and 
hydrophilic surfaces and knowledge of the folding of the 
polypeptide chain will be necessary before a complete 
understanding of the mechanism of lipid sequestration and 
release is possible. These features must explain the para- 
doxical properties of aqueous solubility with the simulta- 
neous ability to bind lipid ligands, exceptional heat sta- 
bility and resistance to proteolytic enzymes. Pig kidney 24 
and human urine 25 are rich sources of CSAct from which 
milligram quantities of highly purified protein can be 
obtained. We present here details of the chromatographic 
and electrospray (ESI) mass spectrometric behavior of 
CSAct from these two sources. 



EXPERIMENTAL 



Materials 

Trifluoroacetic acid (TFA) (HPLC grade in 1 ml glass 
ampoules) was purchased from Pierce (Rockford IL, 
USA), acetonitrile (HPLC grade) and methanol (Optima 
grade) from Fischer Scientific (Tustin, CA, USA), 
7V-glycosidase F (PNGase F) and W-glycosidase A 
from Boehringer Mannaheim (Mannheim, Germany), 
dithiothreitol (DTT) from Gibco BRL Life Technologies, 
New York, USA, dialysis membranes (Spectra/Por 3) 
from Spectrum Medical Industries (Los Angeles, CA, 
USA) and bovine brain cerebroside sulfate (CS) and 
synthetic palmitoyl sulfatide from Matreya (Pleasant Gap, 
PA, USA). [ 35 S]CS was purified from rat brain as 
previously described. 26 Quartz-distilled ultrapure water 
(>16 mOhm cm" 1 ) was produced in-house and all other 
reagents and solvents were of analytical grade or better. 

CSAct purification 

Pig kidney activator (PKA) was prepared from kid- 
neys as previously described, 24 with minor modifica- 
tions, by sequential lectin affinity (Con A Sepharose, 
eluted with methyl a-D-mannopyranoside), hydrophobic 
interaction (octyl Sepharose CL-4B, eluted with octyl a- 
D-glucopyranoside), anion exchange (QMA, eluted with 
a sodium chloride gradient) and finally size exclusion 
(Sephacryl S-300 HF, eluted with 25 mM Tris-HCl, 
pH 7.5) chromatography. The final eluate was concen- 
trated in a pressurized filtration apparatus (Amicon Diaflo 
Ultrafilter, YM2 membrane, 3 kDa molecular mass cut- 
off, under 40 psig nitrogen pressure) to about 27 mg ml" 1 
protein (Lowry protein assay using bovine serum albumin 
(BSA) as standard). This preparation is henceforth referred 
to as native PKA. 

Human urine activator (HUA) was prepared from 
pooled urine as previously described 25 using ammonium 
sulfate (80% saturation) precipitation of urinary proteins 
and the same series of sequential chromatography as 
described for PKA. The fraction used in these experiments 
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was that which was not retained by Con A Sepharose. 
The final eluate was concentrated as described for PKA 
to between 3 and 7.5 mg ml -1 protein. This preparation 
is henceforth referred to as native HUA. 



Enzymatic deglycosylation of CSAct 

Native PKA (27_mg mP 1 protein, 1.25 ml aliquots) and 
HUA (3 mg ml" 1 protein, 2 ml aliquots) were diluted 
with sodium phosphate buffer (100 mM, pH 7.0, contain- 
ing 25 mM EDTA; 1 ml buffer/CSAct aliquot) to which 
was added Af-glycosidase F (40 units for PKA, 20 units 
for HUA in 100 mM sodium phosphate, 25 mM EDTA, 
5 mM sodium azide and glycerol, 50% (v/v), pH 7.2, 
2 units/uJ). The reaction mixtures were kept under a slight 
positive pressure of argon to minimize the opportunity 
for protein oxidation and incubated at 37 °C. To mon- 
itor the progress of the reaction, aliquots (1 u.1) were 
diluted in water-acetonitrile-formic acid (50:50:0.1, 
v/v/v; 100 ul) and analyzed by flow injection ESI. Dur- 
ing the incubation there was a progressive disappearance 
of the signals for the pentasaccharide-containing glyco- 
forms (5-CHO) and the appearance of signals correspond- 
ing to deglycosylated protein (0CHO), with virtually no 
change in the intensity of the signals for the disaccharide 
and monosaccharide-containing glycoforms (2CHO and 
1CHO, respectively) (2CHO, 1CHO, etc. represent two, 
one, etc. sugar adduct). When the concentration of the 
0CHO glycoform maximized (typically after 4-7 days of 
incubation) the mixture was frozen and the components 
were subsequently separated by C 8 reversed-phase high- 
performance liquid chromatography (RP-HPLC). Simi- 
lar results were obtained with Af-glycosidase F isolated 
from culture filtrates of Flavobacterium meningosepticum 
and with cloned enzyme isolated from culture filtrates 
of E. coli which had been engineered to express the 
enzyme. 7V-Glycosidase A from almonds was ineffective 
at hydrolyzing the carbohydrate moiety from native PKA. 



Preparation of reduced protein 

Dried native PKA and HUA were treated with guanidine 
HC1 (6 M) containing sodium phosphate buffer (100 mM, 
pH 7.3) and DTT (1 M) at room temperature for 1 h. 
Reaction mixtures typically had between 0.4 and 12 mg 
of protein dissolved in 300-1000 u.1. The reaction mixture 
was then desalted by C 4 RP-HPLC. Fractions contain- 
ing the reduced protein were pooled, dried in a vacuum 
centrifuge, redissolved in an appropriate solvent and the 
protein was estimated from the OD 2 8o reading (optical 
density at 280 nm). The state of disulfide reduction was 
judged from the measured molecular mass of the pro- 
tein determined from the ESI spectra of samples diluted 
to about 20 pmol up 1 in water-acetonitrile-formic acid 
(50 : 50 : 0. 1), and following reaction with 4-vinylpyridine. 
The reduced protein was 6 Da heavier than the non- 
reduced protein and showed a mass increase of 630 Da 
following reaction with 4-vinylpyridine (105.1 Da mass 
increase expected for incorporation of each pyridoethyl 
group; data not shown). 

J. Mass Spectmm. 34, 1040-1054 (1999) 
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Reversed-phase HPLC 

Isoforms of native CSAct and components of deglycosy- 
lation reaction mixtures were purified by RP-HPLC 
using the gradient system previously described. 27 Column 
loadings of up to 27 mg of protein per run were tolerated 
without compromising the separation of deglycosylated 
from residual glycosylated isoforms on semi -preparative 
columns (Keystone Scientific Betasil C 8 , 250 x 10 mm 
i.d., 5 urn particle size, 100 A pore size) at a flow-rate of 
3 ml min . Smaller quantities of protein (10-1000 ug) 
were chromatographed on analytical columns (Keystone 
Scientific Betabasic-8 and Deltabond octyl; both 250 x 
4.6 mm i.d., 5 urn particle size, 100 A pore size) at a 
flow-rate of 1 ml min -1 . Columns were equilibrated in 
degassed water- acetonitrile-TFA (95 : 5 :0.1) and eluted 
with the same increasing linear gradient of degassed 0.1% 
TFA in acetonitrile over 215 mins (time/% acetonitrile = 
0/5, 10/40, 210/60, 215/100). Loadings of up to I mg 
of protein per run for analytical columns were tolerated 
without compromising the separation of various isoforms. 
The two different types of packings used for the analytical 
columns gave essentially identical separations. The eluate 
absorbance was monitored at 215 and 280 nm, and imme- 
diately upon collection fractions were placed in a vacuum 
centrifuge for rapid removal of acetonitrile. Subsequently, 
the remaining solvent was removed by lyophilization. The 
dried fractions were weighed and stored at — 80 6 C. The 
dried fractions were brought to room temperature and 
samples were removed, weighed and redissolved in sol- 
vents and buffers as noted for further characterization. 

Guanidine-DTT-treated CSAct was desalted without 
attempting isoform resolution by C4 RP-HPLC (Vydac, 
Hesperia, CA, USA; 10 ul particle size, 300 A pore diam- 
eter, 250 x 4.6 mm i.d.) in which the column was equili- 
brated in water- acetonitrile-TFA (95 : 5 : 0.1) and eluted 
(1 ml min" 1 ) with an increasing linear gradient (1.58% 
min" 1 ) of 0.1% TFA in acetonitrile over 60 min. Column 
loadings of up to 1 mg of protein per run were used. The 
eluate absorbance was monitored at 215 and 280 nm and 
the peak eluting between 50 and 65% acetonitrile was col- 
lected and treated as described above for the other HPLC 
fractions. 

Preparation of CSAct- CS complex 

This was carried out as previously described 28 using 
a mixture of rat brain [ 3 *S]CS plus bovine brain CS 
(50-150 nmol total CS containing 20 x 10 3 cpm) or 
palmitoyl sulfatide (50-150 nmol) in 20 ul of chloroform 
or chloroform -methanol -water (66:33:5 v/v/v) which 
were dried in a stream of nitrogen. The dried residues were 
vigorously mixed with Tris-HCl buffer (25 mM, pH 7.5, 
30 ul), then diluted with sodium acetate buffer (1 M, 
pH 4.5, 45 ul) to which was added a solution of CSAct 
protein (17-85 nmol in 200 ul of Tris-HCl, pH 7.5, 
25 mM). The molar ratio of CS to CSAct was typically 
3:1. The mixtures were incubated at 37 °C for 2 h follow- 
ing which they were loaded on a size-exclusion column 
(Ultragel AcA 34, LKB, Bromma, Sweden; 20 x 1.5 cm 
i.d., suspended in degassed 50 mM Tris-HCl pH 7.5). 
The column was eluted under gravity with suspension 
buffer (about 400 ul min" 1 ) and 20 1 ml fractions were 
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collected. When 35 [S]CS was used, the radioactivity con- 
tent and OD 2 8o were determined for each collected frac- 
tion, and the peak fractions containing superimposable 
radioactivity and 280 nm absorption profiles were pooled 
(typically fractions 9-12), then dialyzed overnight against 
water, and the dialyzed preparation (about 4 ml) was dried 
either in a vacuum centrifuge or by lyophilization and 
stored at -4°C. When palmitoyl-CS was used the elu- 
tion position of the CS-CSAct complex was determined 
from the peak of 280 nm absorption with reference to 
the [ 35 S]CS-containing chromatograms. The dried sam- 
ples were redissolved in water and aliquots diluted in other 
buffers as noted for examination by positive and negative 
ion ESI. 

Electrospray mass spectrometry 

A Perkin-Elmer SCIEX (Thornhill, ON, Canada) API 
III triple-quadrupole mass spectrometer fitted with 
an IonSpray source was tuned and calibrated as 
previously described. 29 Positive ion protein spec- 
tra were produced by injection of a solution typi- 
cally in acetonitrile-water- formic acid (50:50:0.1 at 
20pmoluT I ), although other solvents and concentra- 
tions were also used as noted (7-20 ul per injection) 
into a stream of the same solvent entering the ion source 
(10 ul min" 1 ), with the mass spectrometer scanning from 
mlz 1000 to 2000 (step size 0.3 Da, dwell time 2.0 ms, 
6.14 s per scan, orifice voltage 90 V). Positive fragment 
ion spectra of Ql pre-selected precursor ions were pro- 
duced by scanning Q3 from 50 to 2400 (step size 1 Da, 
dwell time 3 ms, 7.18 s per scan, orifice voltage 110 V, 
collision gas (10% nitrogen in argon) thickness instru- 
mental setting (CGT) of 208, Ro-R 2 offset of 50 V). Cal- 
culation of molecular masses from the series of multiply 
charged ions found in the protein spectra and deconvo- 
lution of the ion series into a molecular mass spectrum 
were achieved with the MacSpec computer program (ver- 
sion 3.3, Perlein-Elmer SCIEX). Calculation of theoretical 
peptide or protein average (chemical) molecular masses 
and prediction of fragment ion mlz values were achieved 
with the MacBiospec computer program (version 1.0.1, 
Perlein-Elmer SCIEX, based on the MacProMass com- 
puter program 30 ). The designations of Roepstorff and 
Fohlman 3r and Biemann 32 were used for describing colli- 
sionally induced protein fragment ions (b for N -terminal 
containing and y for C-terminal containing). CS spectra 
were produced in the negative ion mode from solutions 
of CS and CS-CSAct complexes in chloroform-methanol 
(1 : 1) and chloroform-methanol -water (66 : 33 : 5 v/v/v) 
by scanning from mlz 700 to 1000 (step size 0.3 Da, dwell 
time 6 ms c, 6.05 s per scan, orifice voltage -90 V). 

Some samples were also analyzed on an electrospray/ 
time-of-flight (ESI/TOF) mass spectrometer at the Uni- 
versity of Manitoba. 33 This instrument has an effectively 
unlimited mlz range, so it can detect ions of high mlz 
that would be missed by the triple-quadrupole instrument. 
Two electrospray sources were used. A conventional ESI 
source with a flow-rate of M).2 uJ min~ ! was used for 
samples dissolved in aqueous ammonium acetate buffer 
with concentrations up to about 20 mM and a nanospray 
source 34 was used for higher buffer concentrations of up 
to 100 mM. 

J. Mass Spectmm. 34, 1040-1054 (1999) 
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Measurement of protein concentrations 

CSAct concentrations were estimated from the OD 2 8o 
using an extinction coefficient of 5 x 10 3 (mol -1 cm" 1 ), 
This was determined from the OD280 of samples that 
had been subjected to quantitative amino acid analysis 
(UCLA Microprotein Sequencing Facility). CSAct con- 
centrations were also measured by the Lowry procedure 
using BSA as standard. On a mg ml" 1 basis, the Lowry- 
based and OD 280 -based CSAct concentration estimates 
were the same. 



RESULTS 



Native pig kidney CSAct 

ESI mass spectra revealed the expected series of 
ions corresponding to the 1-, 2-, 4- and 5-CHO 
isoforms previously reported 35 (Fig. 1(A) and 1(C), which 



accounted for 79% of the m/z 1000-2000 reconstructed 
ion current profile (Table 1). There were also present 
several series of less intense signals, the structures of 
which could be reasonably rationalized on the basis of 
the molecular mass measurements. One of these series 
appeared as upfield satellites riding on the shoulder of 
each main ion with molecular masses which averaged 
15 Da greater than each corresponding main signal. 
These signals most likely reflect oxidation of a single 
methionine residue. 27 Their intensity was typically only 
1 -3% of each corresponding main signal, although this 
increased in protein preparations that had been stored 
frozen for long periods of time and in samples that had 
been left in solution at room temperature unprotected 
from atmospheric oxygen. An analogous but even less 
intense series of signals could also be detected after 
scale expansion in the original spectra and appear at 
about 32 Da heavier than each corresponding main signal. 
These most likely result from inclusion of an additional 
oxygen atom. Not unexpectedly, this series of ions also 
became more prominent in samples that had been given 
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Figure 1. Electrospray ionization mass spectra of native pig kidney (A) and native human urine (B) CSAct, and the corresponding 
Hypermass reconstructed molecular mass profiles (C and D, respectively). The samples were dissolved in water-acetonitrile-formic 
acid (50 : 50 : 0.1 ) at 20 pmol fil~ 1 and 20 jil were injected into the ion source for the collection of the spectra. 
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Table 1. ESI-identifted components of pig kidney CSAct 

Observed Probable Calculated Difference Relative % total ion 

molecular mass identity molecular mass (measured - calculated) signal intensity" current" 



Native protein" 



9048.0 


1CHO 


9047.4 C 


+0.6 


45.3 


16.1 


9062.3 


1CHO + 14.3 Da 






2.9 


1.0 


9080.5 


1CHO + 32.5 Da 






1.8 


0.6 


9110.0 


1CHO + 62.0 Da 






3.4 


1.2 


9194.4 


2CHO 


9193.6 d 


+0.8 


69.8 


24.7 


9208.9 


2CHO + 14.5 Da 






3.3 


1.2 


9224.7 


2LHU + 30.3 Ua 






2.4 


0.9 


9231.8 


2CHO + 37.4 Da 






2.9 


1.0 


9255.4 


2CHO + 61.0 Da 






4.5 


1.6 


9293.7 


2CHO + Val8o 


9292.7* 


+1.0 


2.4 


0.9 


9397.8 


3CHO 


9396.8 1 


+1.0 


3.7 


1.3 


9559.5 


4CHO 


9558.9 9 


+0.6 


7.2 


2.6 


9574.8 


4CH0 


9574.9 h 


-0.1 


6.8 


2.4 


9721.0 


5CHO 


9721.0' 


0.0 


100.0 


35.4 


9736.2 


5CHO + 15.2 Da 






1.1 


0.4 


9754.2 


5CHO 4-33.2 Da 






2.2 


0.8 


9761.1 


5CHO + 40.1 Da 






5.6 


2.0 


9782.4 


5CHO + 61.4 Da 






7.2 


2.6 


9820.7 


SCHO + VaU 


9820.2' 


+0.5 


6.2 


2.2 


9837.0 


5CHO + Valao + 16.3 Da 






3.4 


1.2 


eglycosylated protein* 










8585.8 


OCHO1-77 


8587.0* 


-1.2 


2.2 


1.9 


8844.9 


0CHO 


8845.2 1 


-0.3 


100.0 


84.7 


8882.8 


OCHO-f 37.9 D 






8.2 


6.9 


8944.3 


0CHO + Valo, 


8944.3 m 


0 


7.7 


6.5 



a b Samples were prepared "without and "with RP-HPLC purification, and injected into the ESI ion source at 20 pmol jd* 1 
of water-acetonitrile-formic acid (50 : 50 : 0.1). 

c-m Molecular masses were calculated after inclusion of c HexNAc; d HexNAcdHex; 'Valeo- CSAct, -so with Hex- 
NAcdHex; f HexNAc 2 dHex; »HexNAc 2 HexdHex; h HexNAc 2 Hex 2 ; 'HexNAc 2 dHex; 'VaU- CSAct, with HexNAc 2 dHex; 
k Asp 2 i -CSAct,- 77 ; ] Asp 21 - CSAct, -79 ; and "Val^-Asp^ -CSAct, -«>. 

"Estimated from the relative signal intensities in the Hypermass reconstructed molecular mass profiles [Fig. 1(C)]. 
Excluding components estimated as <1% of the main component. 



the opportunity for reaction with atmospheric oxygen. 
Not recognized in earlier work is the presence of a 
molecule 99-100 Da heavier than the main signal. This 
isoform is always evident in association with the 5CHO 
glycoform where it represents on average 5-10% of 
the predominant 5CHO1-79 component. A corresponding 
component is also seen with 2-3% relative abundance 
associated with the 2CHO glycoform (Table 1). These are 
probably due to the presence of a valine at position 80 of 
the protein (valine residue mass = 99. 1 Da), which would 
be consistent with the prediction based on the human, 18-20 
rat, 36 mouse 37 and chicken 38 cDNA sequences. Another 
minor component in native PKA is an additional 4CHO 
glycoform assigned here as two Af-acetylhexosamine plus 
two hexose moieties (HexNAc2Hex 2) Table 1). While this 
glycoform is isomeric with the mono-oxidized form of 
the Af-acetylhexosamine (2) + hexose (1) + deoxyhexose 
(1) 4CHO glycoform (HexNAc^HexdHex) previously 
recognized, 35 distinction between inclusion of oxygen and 
substitution of a hexose for a deoxyhexose (both resulting 
in mass increments of 16 Da) is made on the basis of the 
equivalent relative intensity of the two signals which are 
inconsistent with the levels of mono-oxidation seen for 
the other glycoforms. Also, weak signals corresponding 
to molecules on average 37-40 and 61-62 Da heavier 
than the main signal are also evident in the spectra, but 
their masses are incongruent with common protein adducts 
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or other carbohydrate groups. Some samples of native 
PKA contained yet another series of ions 4 on average 
which were 15-16 Da lighter than the corresponding main 
signals. The occurrence of this ion series was variable, 
but was found to represent up to 33% of the main 
signal in an isolated case. The origin of the mass loss 
is obscure. Formation of an internal ester during protein 
purification is an attractive hypothesis to account for this 
ion series, but this would result in loss of 18 Da, which 
appears significantly greater than the measured mass loss. 
These signals were absent in the spectra of HPLC-purified 
deglycosylated protein (see below). 

The chromatograms from extended C« RP-HPLC of 
PKA largely reflect the composition of the samples seen 
by ESI. The UV absorption profile of the chromatogram 
was dominated by a trio of peaks eluting between 43 and 
44% acetonitrile which were characterized on the basis of 
ESI-measured molecular masses as principally due to the 
1-, 2- and 5CHO isoforms [Fig. 2(A1)]. The less intense 
series of earlier eluting UV-absorbing peaks had measured 
molecular masses 16 or 32 Da higher, consistent with 
the presence of methionine oxidized isoforms. The UV- 
absorbing complex eluting before 20 min was a regular 
contaminant of the native preparations. ESI analysis of 
these fractions did not yield a significant ion current and 
no ion series characteristic of a protein. The area of the 
entire CSAct complex of peaks, including those due to 

J. Mass Spectmm. 34, 1040-1054 (1999) 
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Figure 2. CSAct C B RP-HPLC 215 nm elution profiles: (A) native pig kidney (A1) and native human urine (A2) CSAct elution profiles from 
an analytical column (64.9 ^gm protein loaded in each); (B) PNGase F reaction mixtures of native pig kidney (B1) and native human 
urine (B2) CSAct elution profiles from a from a semi-preparative column {27 and 7 mg protein loaded, respectively); (C) deglycosylated 
(0CHO) native pig kidney (C1 and C2) and native human urine <C3 and C4) CSAct purified from B1 and B2 and rechromatographed 
on an analytical column (64.9 ng protein loaded for each chromatogram) without further treatment (C1 and C3) and after disulfide 
reduction (C2 and C4). Isoform assignments were made on the basis of molecular mass measurements (Tables 1 and 2), 



the oxidized isoforms, was estimated to account for about 
78% of the total 215 run absorption profile. 

Native human urine CSAct 

ESI mass spectra revealed an analogous series of ions 
to those seen for native PKA, but in this case the spectra 
were dominated by ions derived from the I-, 4- and 5CHO 
glycoforms 25 [Fig. 1(B) and 1(D)] which accounted for 
about 44% of the mlz 1000-2000 reconstructed ion cur- 
rent profile (Table 2). An accompanying series of less 
intense signals derived from molecules containing one and 
two additional oxygen atoms were also evident. These 
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were more intense than in the PKA spectra, accounting 
for up to 40% of each corresponding main component 
(Table 2). The assigned Val80 isoform represents about 
1 1% of the mlz 1000-2000 ESI ion current. This is about 
the same intensity as found for PKA and twofold lower 
than the 1-79 residue protein previously reported for that 
isolated from human kidney. 39 The assigned 6CHO gly- 
coform is on average 162 Da heavier than the 5CHO 
glycoform and probably represents the inclusion of an 
additional hexose which represents about 12% of the ion 
current. The presence of a 6CHO glycoform was unex- 
pected in the preparation employed in this study since 
the purification scheme employed a Con A Sepharose 
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Table 2. ESI-identified components of human urine CSAct 



Observed 


Probable 


Calculated 


Difference 


Relative 


% total ic 


moleculor muss 


fd&ntity 


molecular itibss 


|i I ltMJaUf all — l*al(AJIOUf U J 


signal Int&nsity" 




Native protein 5 












9072.9 


1CHO 


9072.5 C 


+0.4 


24.6 


8.6 


9088.4 


1CHO-M5.5Da 






11.9 


4.2 


9105.6 


1CHO + 32.7Da 






5.2 


1.8 


9219.7 


2CHO 


9218.6 d 


+1.1 


3.3 


1.2 


9583.3 


4CHO 


9584.0" 


-0.7 


1.9 


0.7 


9599.2 


4CHO 


9600.0 1 


-0.8 


5.6 


2.0 


961 6.8 


4CHO+ 17.6 






5.2 


1.8 


0*700 Q 


OLtrtL/ — id. a us 






4.4 


1.5 


9746.6 


5CH0 


9746.19 


+0.5 


100.0 


35.0 


9761.2 


5CHO+ 14.6Da 






39.3 


13.8 


9778.4 


5CHO + 32.2Da 






17.0 


5.9 


9845.4 


SCHO + Valao 


9845.2 h 


+0.3 


17.0 


5.9 


9860.4 


5CHO + Val ro + 15Da 






9.6 


3.4 


9878.6 


5CHO -j-Valeo + SS^Da 






5.9 


2.1 


9908.4 


6CHO 


9908.3' 


+0.1 


17.8 


6.2 


9923.8 


6CHO + 15.4D 






5.2 


1.8 


1006.6 


6CHO + V3leo 


10007.4* 


-0.8 


8.9 


3.1 


10022.6 


6CHO + V3l8o + 16Da 






3.0 


1.0 


Deglycosylated protein* 










8740.8 


0CHO 1 - 78 


8741 .2 k 


-0.4 


4.4 


3.2 


8868.6 


0CHO 


8870.3' 


-1.7 


100.0 


72.0 


8887.3 


0CHO+18.7Da 






10.4 


7.5 


8908.4 


0CHO + 39.8Da 






17.0 


12.2 


8968.0 


0CHO + VsIbo 


8969.4 m 


-1.4 


7.1 


5.1 



a b Samples were "without and b with RP-HPLC purification, and injected into the ESI ion source at 20 pmol of 
water-acetonitrile-formic acid (50:50:0.1). 

c-m Molecular masses were calculated after inclusion of c Hexl\IAc; d HexNAcdHex; *HexNAc2HexdHex; 1 HexNAc 2 Hex 2 ; 
0 H ex N Ac 2 H ex 2 d H ex; h Va la, -CSAct, - ra with HexNAc 2 Hex 2 dHex; 'HBxNAc 2 Hex 3 dHex; 'Valeo -CSAct, -so with 
HexNAc 2 Hex 3 dHex; k Asp 21 -CSAct 1 - 7B ; 'Asp 21 -CSAct, -79; and m Val 80 -Asp 21 -CSAct 1 _ B0 . 

"Estimated from the relative peak heights in the Hypermass reconstructed molecular mass profiles [Fig. 1(D)]. 
Excluding components estimated as <1% of the main component. 



chromatographic step. It is felt that this indicates failure of 
the Con A Sepharose lectin affinity step in the purification 
of this sample of protein. 25 The spectra also revealed the 
presence of a small amount of a 2CHO glycoform, repre- 
senting only 1.1% of the ion current, and signals assigned 
as being from two different 4CHO glycoforms represent- 
ing the previously recognized 25 HexNac 2 HexdHex and a 
HexNAc2 Hex2 glycoform. As with the interpretation of 
the PKA spectra, distinction between inclusion of oxygen 
and substitution of hexose for deoxyhexose are made on 
the basis of the relative intensity of the two signals which 
are inconsistent with the levels of mono-oxidation seen 
for the other glycoforms. 

The RP-HPLC trace from native HUA was dominated 
by a single peak and a partially resolved shoulder eluting 
between 44 and 46% acetonitrile which were characterized 
on the basis of ESI-measured molecular masses as prin- 
cipally due to the 1- and 5CHO isoforms [Fig. 2(A2)], 
Again the less intense series of earlier eluting UV- 
absorbing peaks had measured molecular masses 16 or 
32 Da higher, consistent with the presence of methionine- 
oxidized isoforms. The UV-absorbing complex eluting 
before 20 min was a regular contaminant of the native 
HUA preparations. The area of the entire CSAct complex 
of peaks, including the those due to the oxidized isoforms, 
accounted for about 77% of the total 215 nm absorption 
profile. 
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Deglycosylation of native CSAct 

Extended RP-HPLC of PKA and HUA PNGase F reaction 
mixtures on a semi-preparative scale revealed in order of 
elution residual 5-, 2- and 1CHO glycoforms, methionine- 
oxidized 0CHO isoforms 27 and lastly the deglycosylated 
protein [Fig. 2(B1) and (B2)]. In some deglycosylation 
reactions the residual 5CHO glycoform was below the 
limits of detection at the time the reaction was arrested. 
The increased abundance of oxidized methionine isoforms 
in HUA compared with PKA is reflected in the rela- 
tive intensity of the UV HPLC traces. ESI analysis of 
the HPLC-purified deglycosylated materials showed the 
measured molecular mass of the main component to be 
consistent with what would be expected for each apo- 
protein with an Asp substituted for Asn at position 21 
following the deglycosylation reaction (Fig. 3, Tables 1 
and 2). The presence of Asp at position 21 was confirmed 
in the case of PKA by automated Edman sequencing (data 
not shown). 

The PKA-derived material also revealed the presence 
of a weak signal tentatively assigned as being derived 
from the Asp 21 -apoprotein 1 _ 77 sequence, for which ret- 
rospective searches in native PKA were negative, a weak 
signal for a molecule 38 Da heavier than the main compo- 
nent and a signal for the Val 80 isoform. The HUA-derived 
material revealed the presence of a weak signal tentatively 
assigned as being derived from the Asp 21 -apoprotein! _ 78 
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Figure 3. Electrospray ionization mass spectra of deglycosytated pig kidney (A) and human urine (B) CSAct and the corresponding 
Hypermass reconstructed molecular mass profiles (C and D, respectively). The spectra were collected from 20pmol^l _1 protein 
solutions in water-acetonitrile-formic acid (50 : 50 : 0.1 ). 



sequence, for which retrospective searches in native HUA 
were negative, weak signals for molecules 1 9 and 40 Da 
heavier than the main component and a signal for the 
Valgo isoform. The results suggests the presence of a small 
amount of carboxypeptidase activity during the degly- 
cosylation reaction resulting in the loss of one or two 
carboxyl-terminal amino acid residues from HUA and 
PKA, respectively. Apparently these truncated molecules 
were not separated from the main component even after 
extended RP-HPLC. The combined 1-79 plus 1 -80 com- 
ponents in the 0CHO fraction accounted for 91 and 77% 
of the ESI ion current for the PKA and HUA samples, 
respectively. No detectable amount of oxygen- adducted 
species were evident in the spectra, and the structures of 
the 19 and 38-40 Da adducts are obscure. 

Rapid removal of the volatile components of the the 
HPLC eluate permitted the preservation of biological 
activity. Actually it was possible to maintain the material 
for several hours in water- acetonitrile-TFA (50 : 50 : 0.1) 
with no discernible effect on the ability of the protein to 
support arylsulfatase A-catalysed sulfate hydrolysis from 
CS. However, ESI analysis of one deglycosylation reac- 
tion mixture in which the fractions from Cg RP-HPLC 
purification were stored at — 80 °C before vacuum concen- 
tration and lyophilization showed dramatically different 
spectra to that shown in Fig. 3(A). In this experiment 
the ESI spectra of the deglycosylated protein revealed 
a pattern of broad, regularly spaced recurring signals of 
decreasing intensity with the same charge state distri- 
bution as that shown in Fig. 3(A). Calculations showed 



the predominant molecule to be about 24 Da lighter than 
expected (882 1 Da) and each satellite species was about 
38 Da heavier. One explanation for this result is the acid 
halide-catalyzed formation of imido esters. 40,41 Irrespec- 
tive of the actual mechanism, exhaustive dialysis against 
water resulted in disappearance of these adducts and the 
reappearance of the expected mass spectrum and expected 
molecular mass. The biological activity of the dialyzed 
protein was undiminished. The formation of these adducts 
did not appear when the RP-HPLC fractions were sub- 
jected to vacuum concentration followed by lyophilization 
immediately following collection. 

Rechromatography of the 0CHO glycoforms on an ana- 
lytical scale produced 215 nm profiles virtually identical 
with those obtained with the semi-preparative columns in 
which the 1-80 isoforms were not separated from the 
1-79 components and eluted on the trailing edge of the 
predominant isoforms [Fig. 2(C1) and (C3)]. However, on 
the analytical column and under the same conditions the 
disulfide-reduced preparations had longer retention times 
and sharper peaks, which resulted in baseline separation 
of the 1-79 and 1-80 isoforms [Fig. 2(C2) and (C4)]. 

Effect of solvation conditions on the ESI spectra 

When dissolved in 0.1% TFA (pH 2), the ESI spectra 
of CSAct were dominated by the pentuply charged ions 
[Fig. 4(C)]. On the other hand the spectra were domi- 
nated by the heptuply charged ions when the protein was 
dissolved in either 0.1% formic [Fig. 4(A)] or 2% acetic 
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Figure 4. Comparison of the electrospray mass spectra of pig kidney CSAct from solutions of water-acetonitrile (50:50) containing 
(A) 2% acetic acid (pH 2.6), (B) 0.1% formic acid (pH 2.8) and <C) 0.1% TFA (pH 1.9), all at a concentration of 20 pmol nl" 1 . The samples 
were prepared and the spectra recorded as described for Table 3. 



acid [Fig. 4(B)] at pH 2.76 and 3.21, respectively. Substi- 
tution of formic or acetic acid for TFA increased the signal 
intensity by a factor of 9-13 (Table 3). The spectral pat- 
terns were uninfluenced by the inclusion of acetonitrile 
in the solvent, although this did result in further signif- 
icant increases in signal intensity of 2-3-fold with the 
formic and acetic acid-containing samples (Table 3). Fur- 
ther increase in the acetic acid concentration to 4% had 
no effect on the spectral pattern although the signal inten- 
sity was decreased by a factor of 4.2. Dilute solutions of 
ammonium acetate at pH 4.32 and 6.06, with or without 
the addition of acetonitrile, greatly diminished the ESI 
response from the protein to a barely detectable level, and 
virtually no response was obtained when the protein was 
dissolved in water at around pH 6 (Table 3). Protein in 
which the disulfide bonds were reduced gave the same 
spectral pattern with the heptuply charged ions predom- 
inating, and similar signal intensities, when solvated in 
water-acetonitrile mixtures containing either 0. 1% formic 
or trifluoroacetic acid (Table 3). 

MS/MS 

The most significant ions created from collisionally 
induced dissociation of the pentuply charged precursor 
ions of the 5CHO glycoform from native PKA resulted 



from molecular mass decrements that matched the 
residue masses for dHex, dHexHex, dHexHex 2 and 
HexNAcHex 2 dHex, with the simultaneous appearance 
of the quadruply charged forms of these fragment ions 
[Fig. 5(C)]. This spectrum also revealed the appearance 
of weak fragment ions at m/z 528 and 366 which 
are rationalized as being due to singly protonated 
HexNAcHex 2 and HexNAcHex fragments, respectively, 
and more abundant fragment ions in the low-m/z region 
at 204, 186, 168 and 138 which are probably to be 
due to the singly protonated individual sugar residues 
and fragments thereof. A similar but simpler array of 
fragment ions emerged from tandem mass spectrometry 
(MS/MS) of the pentuply charged parent of the 2CHO 
glycoform in which simple loss of a deoxyhexose was 
seen with the appearance of the corresponding quadruply 
charged ion and a weak signal for the free HexNAc 
residue [Fig. 5(B)]. Under the same conditions there 
were no significant high-m/z fragment ions formed from 
the pentuply charged parent of the 1CHO glycoform, 
although this spectrum revealed a weak signal at m/z 
204 corresponding to the HexNAc residue [Fig. 5(A)]. 
Virtually identical spectra were obtained from the 
pentuply charged precursor ions from the 1-, 2- and 
5CHO glycoforms from disulfide-reduced protein with 
one minor exception, namely the formation of a weak 
fragment ion at m/z 1410 [Fig. 5(D)]. This ion was formed 
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Table 3. Effect of solvation conditions on pig kidney CSAct ESI spectral characteristics 





Buffering Ion 




Dominant 


Relative 


Solvent 


cu n cci m ra u u n 




charge 


signal 


(mM) 


pH 


state 


i riiof laity 


Native proteirf 










Water-TrA, 100:0.1 


13.4 


1.9 


5 


2.9 


Water-acetonitrile-TFA, 50 : 50 : 0.1 


13.4 




5 


2.0 


Water— formic acid, 100:0.1 






/ 


23.2 


Water-acetonitrile-formic acid, 50 : 50 : 0.1 


23.4 




7 


71.3 


Water-acetic acid, 100 : 0.1 


17.4 


3.2 


7 


35.9 


Water-acetic acid, 100: 2 


348 


2.6 


7 


33.3 


Water-acetonitrile-acetic acid, 50 : 50 : 2 


348 




7 


100 


Water-acetic acid, 100 : 4 


696 


2.5 


7 


23.8 


Aqueous ammonium acetate 


2.5 


4.3 




<1 


Aqueous ammonium acetate-acetonitrile, 50:50 


2.5 






<1 


Aqueous ammonium acetate 


5 


4.3 




<1 


Aqueous ammonium acetate 


5 


6.1 




<1 


Water 




6.0 




<1 


Disulfide- reduced proteirf 










Water-acetonitrile-TFA, 50 : 50 : 0.1 


13.4 




7 


NA C 


Water-acetonitrile-formic acid, 50:50:0.1 


23.4 




7 


NA 



a Native PKA in Tris-HCI (25 mM, pH 7.5) was exhaustively dialyzed (3.5 kDa molecular mass cut-off) 
against water then lyophtlized to dryness. The dried protein was redissolved in the indicated solvents 
to 20 pmo! ^r 1 and injected (20 jil) into a stream of the same solvent entering the mass spectrometer 
source (10 \i\ min" 1 ). The average of all the spectra accrued from each injection was computed and the 
relative signal intensity (average of two separate experiments) was estimated from the intensity of the 
signal for the 5CHO isoform in the Hypermass reconstructed spectra. 

b Disulfide-reduced PKA was prepared as described in the Experimental section and desalted by C 4 
RP-HPLC. The dried HPLC fractions were redissolved in the solvents indicated and injected into a 
stream of the same solvent entering the mass spectrometer source. 
C NA, data not available. 



from all glycoforms and without further information was 
nominally assigned as possibly due to either the bn* or 
y I3 + fragment ion. 

Monomeric and polymeric states of CSAct and 
CS-CSAct complexes 

CS -CSAct complexes were prepared with both native 
PKA and the HPLC purified 0CHO isoform using mixed 
rat-bovine brain CS and synthetic palmitoyl-CS. Mate- 
rial recovered from the size-exclusion column revealed 
strong signals during ESI for the protein in the pos- 
itive ion mode and for CS in negative ion mode. 
Searches were made for the presence of CS-CSAct 
complexes, and for polymeric forms of CSAct pro- 
tein, in the gas phase during positive ion ESI with 
the triple-quadrupole instrument (m/z range <2400) 
using the conventional IonSpray source. Various sol- 
vents were used including water-acetonitrile-formic acid 
(50 : 50 : 0.1), water-formic acid (100 : 0.1), water-acetic 
acid (100:0.1, 100:0.01, 100:0.05) and aqueous ammo- 
nium acetate (5-10 mM, pH 4,5). Other instrumental 
parameters were adjusted to maximize the likelihood 
of retaining non-covalent complexes in the gas phase. 
This involved reducing the orifice voltage, reducing 
the quadrupole offset voltages (instrumental settings of 
R0-R3 were used with differences of 3, 2, 1 and 0.5 V) 
and lowering the interface temperature from the normal 
setting of 55 °C to 39, 33 and 26 °C. Samples were ana- 
lyzed concurrently with horse heart myoglobin. Using 
a low quadrupole offset voltage, the molecular mass of 
horse heart myoglobin was measured at 17 568.0 Da from 
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solutions of dilute acetic acid, reflecting retention of heme 
on the apoprotein. These spectra revealed smaller and 
varying amounts of the apoprotein at a molecular mass of 
16951 Da. With a quadrupole offset voltage of 0.5 V the 
apoprotein was not evident in the spectra. Under identical 
conditions, native and 0-CHO PKA revealed strong sig- 
nals for monomeric protein with no evidence for dimeric 
forms of the protein. Lowering the interface temperature 
and the orifice voltage had no apparent effect on this 
result. Under the same conditions, CS-CSAct complexes 
gave no evidence for the presence of gas-phase ions cor- 
responding to two molecules of protein plus one molecule 
of CS. However, from solutions of dilute formic acid and 
water-acetonitrile-formic acid, the CS-CSAct complex 
preparations revealed ions corresponding to molecules of 
molecular masses 9737 and 9626 Da from preparations 
made with rat/bovine brain CS and palmitoyl-CS, respec- 
tively [Fig. 6(A) and (B)]. These measurements agree 
with that which would be derived from one molecule of 
protein (calculated molecular mass for the 0CHO isoform 
of 8845.2 Da) and one molecule of palmitoyl-CS (calcu- 
lated molecular mass of 780. 1 Da) or one molecule of the 
c24 : 1 CS isoform (calculated molecular mass 890.3 Da, 
the predominat CS isoform in the rat/bovine brain CS 
preparation used 42,43 ). The maximum intensity of the ions 
for the CS-protein complex was less than 25% of those 
from the naked protein in the same spectra, recorded with 
an orifice voltage of 80 V, an interface temperature of of 
39 °C and a quadrupole offset voltage of 1 and with the 
preparation dissolved in 0.05% formic acid. 

Similar samples were run on the ESI TOP mass 
spectrometer in aqueous ammonium acetate solution at 
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Figure 5. Tandem mass spectra of native (A, B and C) and disulfide-reduced (D) pig kidney CSAct. P = parent ion and in each case is 
the pentuply charged ion from the (A) 1-, (B) 2- and (C and D) 5CHO CSAc^-ra glycoforms, respectively. Nominal assignments of the 
fragment ions: m/z 1917, 1916 and 181 1 all assigned as loss of dHex (observed mass loss = 145 Da, calculated = 146 Da); m/z 1888 and 
1884 both assigned as loss of dHexHex (observed mass loss = 305 Da, calculated =308 Da); m/z 1851 assigned as loss of dHexHex 2 
{observed mass loss = 470 Da, calculated = 470 Da); m/z 1808 and 1811 both assigned as loss of HexNAcdHexHex 2 (observed mass 
loss = 675 Da, calculated = 674 Da); m/z 2396, 2395 and 2263 assigned as quadruply charged versions of m/z 1917, 1916 and 1811, 
respectively; m/z 2354 assigned as quadruply charged version of m/z 1884; m/z 2264 and 2263 assigned as quadruply charged versions 
of m/z 1808 and 1811, respectively; m/z 2301 and 2300 assigned as (2CHO- CSAct, -7g) 4+ (calculated m/z = 2300.9 and 2299.4 for 
disulfide-reduced and disutfide-oxidized forms, respectively); m/z 528 assigned as HexNAciHex 2 (calculated residue mass = 527.5); 
m/z 366 assigned as HexNAcHex (calculated residue mass = 365.3); m/z 204 assigned as HexNAc (calculated residue mass = 203.2); 
m/z 1410 asigned as b 13 + or y 13 + (calculated m/z = 1409.6 and 1410.7 Da, respectively). 



pH 4.5-6. The spectra of the protein samples measured 
with conventional electrospray at low buffer concentra- 
tion (5-10 mM) revealed strong signals for the monomeric 
protein with progressively smaller amounts of dimer, 
trimer and tetramer at higher m/z values, suggesting that 
these result from non-specific binding. The spectra of the 
protein -palmi toy 1-CS complex in 5-10 mM buffer again 
contained the protein monomer as the dominant species, 
but a complex of the monomer with one molecule of 
attached lipid (as seen above) was present at ~20% of the 
signal intensity of the monomeric protein. At still lower 
intensity (a few percent), signals were recorded consistent 
with a single charge state of the species; [monomer -t- 2 
lipids] (54-), dimer (7+), and [dimer -f 1 lipid] (7+). 

Dramatically different spectra were observed when 
the protein- palmitoyl-CS complex was examined with 
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nanospray in 100 mM ammonium acetate buffer 
[Fig. 6(C)]. At a declustering voltage of 105 V the peaks 
were particularly broad, presumably because of the pres- 
ence of multiple adducts, but signals corresponding to 
the dimer and the [dimer + 1 lipid] were present at an 
intensity comparable to those for the monomer ions. At 
higher declustering voltages the relative intensity of the 
dimer and [dimer -f 1 lipid] ions decreased until they dis- 
appeared at a declustering voltage of 185 V, leaving only 
monomer ions and ~20% [monomer + 1 lipid] ions. 



DISCUSSION 



ESI mass spectrometry in combination with extended Cr 
RP-HPLC has allowed the description of the components 
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Figure 6. Electrospray ionization mass spectra of CSAct-CS complexes collected as described in the text. (A) 0CHO CSAct-rat/bovine CS 
complex observed with an lonSpray source from a solution in CH 3 CN-H 2 0-HCOOH (50:50:0.1). *Three estimates of compound mass 
gave a mean result of 9737.2 Da; *four estimates of compound mass gave a mean result of 8845.8 Da. (B) OCHO CSAct-palmitoyl-CS 
complex observed with an lonSpray source from a solution in CH 3 CN-H 2 0-HCOOH (50:50:0.1). *Three estimates of compound mass 
gave a mean result of 9626.0 Da; *four estimates of compound mass gave a mean result of 8845.0 Da. (C) OCHO CSAct-palmitoyl-CS 
complex observed with a nanospray source from a solution in 100 mM ammonium acetate (pH 4.5) at a declustering voltage of 105V. 
'Correspond to CSAct monomer; 'correspond to CSAct monomer + lipid; "correspond to CSAct dimer 4- lipid; "correspond to CSAct 
dimer. 



of PKA and HUA with unprecedented detail. Assign- 
ments based on molecular mass measurements have pro- 
vided reasonable explanations for about 91-99% of the 
mlz 1000-2000 ESI ion current from the two proteins. 
The purified proteins consist of 18-20 different iso- 
forms with predominant presence of the 5CHO glyco- 
form and uneven representation of the 6-, 4-, 3-, 2- and 
1CHO glycoforms, presumably reflecting varying susep- 
tibility and/or resistance to the glycosidases to which the 
protein is normally exposed in the lysosome. Hetero- 
geneity in the length of the amino acid chain is min- 
imal with the 1-79 isoform accounting for more than 
95% of the protein from both sources, and the 1-80 
isoform being the only other detected. Again this pre- 
sumably reflects the minimal molecular size that remains 
following lysosomal proteolytic exposure. It is possible 
that some of the isoforms represent covalent modifi- 
cations formed during purification. The most likely of 



these would be the oxidized molecules which were not 
unexpectedly in higher abundance in the HUA reflect- 
ing increased opportunity for oxidation before sample 
collection. The purification achieved by a single step of 
extended Cs RP-HPLC following enzymatic deglycosyla- 
tion yielded preparations that were free of the majority 
of the minor isoforms and provided samples that should 
be better suited for investigations such as by x-ray crys- 
tallography and NMR, which demand samples of greater 
purity. 

The prosaposin gene contains a nine base pair exon 
within the CSAct region which is variably expressed in 
the isolated cDNAs. However, with limits of detection 
conservatively estimated at <1% of the total ion current, 
we have not detected components in either HUA or 
PKA that would correspond to a species containing the 
three additional encoded amino acids (QDQ) of exon 8. 
Any proteins derived from exon 8-containing mRNAs are 
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apparently either unstable in the lysosomal millieu or are 
separated away in the course of purification. 

The pattern of glycosylation found in HUA can be 
compared with that reported for human liver proteins 
by Yamashita et a/. 45 Their material from normal liver 
contains a similar mixture of glycoforms. The 5CHO 
glycoform (Man 2 GluNAc 2 Fuc) was the most abundant 
component, accounting for 35-40% of the preparation. 
A 4CHO glycoform (Man 2 GluNAc 2 ) was the next 
most abundant, with 1- (GluNAc), 2- (GluNAc 2 ), 
4- (ManGluNAc 2 Fuc) and 6CHO (Man 3 GluNAc 2 Fuc) 
glycoforms each accounting for about 1 0% of the sample. 
Two other 5- and 3CHO glycoforms (Ma^GluNAc^, 
and ManGluNAc 2 , respectively) accounted for the 
remaining 5% of the sample. None of the more complex 
oligosaccharide-containing materials found in liver from 
a patient with generalized gangliosidosis 45 was detected 
in the HUA reported here. It remains to be determined 
if the urine protein from patients with elevated CSAct 
accumulation is also more highly glycosylated. 

The CSAct proteins demonstrated remarkable behav- 
ior during RP-HPLC. Isoforms containing the addition of 
a single molecule of oxygen could be cleanly separated 
from the unoxidized forms with baseline resolution, yet 
in the native proteins an additional C -terminal amino acid 
had a relatively minor effect on chromatographic behav- 
ior. The extension of retention time and peak sharpening 
following disulfide reduction is probably the result of 
exposure of additional surfaces in the reduced protein for 
interaction with the column. The interior of the CSAct 
molecule is thought to be more hydrophobic than the 
exterior surface, 46 and disulfide reduction would relax the 
structure, thus permitting interaction of these hydrophobic 
surfaces with the column matrix. This improved resolution 
with the disulfide reduced protein could be used advanta- 
geously to achieve even further protein purification should 
that be necessary. 

Some aspects of the behavior of the protein are 
difficult to reconcile completely with our extant body 
of knowledge. For example, during ESI in 0.1% TFA 
native PKA emerges as predominantly the pentuply 
protonated molecule. However, slight elevation of the pH 
of the solvent by use of 0.1% formic acid results in 
the emergence of a predominantly higher charge state. 
In disulfide-reduced protein these two acids produced 
essentially identical spectra with predominance of the 
higher charge state. Generally an unfolded protein shows 
higher charge states than the same protein in the native 
state, although the physical basis for this relationship is 
still not completely understood 47 PKA has eight residues 
that are potentially protonatable (Arg (2), Lys (3), His 
(2) and amino terminal). The maximum charge state of 
the protein is only seen as a minor component under 
the most favorable conditions. The observation that the 
charge state increases on going from TFA to formic 
or acetic acid appears counterintuitive and presumably 
reflects an obscure aspect of the tertiary structure of the 
protein in the gas phase. Alternatively, it may reflect 
differences between the ion pairing of the protein with 
TFA and with the other acids used (acetic and formic). 
The significance of this observation for the structure of 
the protein in the aqueous physiological environment 
remains to be appreciated. With formic and acetic acid, 
but not TFA, ESI ion current strength was favored 
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by the addition of acetonitrile, although there was no 
effect on charge state distribution. Organic co-solvents 
are traditionally thought of as assisting the ESI process 
by providing stable electrospray conditions, although the 
requirement for the organic co-solvent in this regard may 
be less critical for the IonSpray source used here. Previous 
work with hydrogen- deuterium exchange has revealed 
the stabilizing effect of acetonitrile on CSAct structure, 
presumably through occupancy of the hydrophobic core 
of the molecule by the organic modifier. 48 Apparently 
acetonitrile has no effect on the number of basic residues 
available for protonation, but it does influence the number 
of ionized molecules which are detected in the mass 
spectrometer. 

The fragmentation of PKA protein by low-energy col- 
lisional activation required extreme conditions with high 
collision gas pressure and orifice and R 2 offset voltages, 
before any significant ion current could be observed in 
the mlz 50-2400 range. Even then the results with native 
and disulfide-reduced protein revealed a limited but sim- 
ilar repertoire of product ions which, with one exception, 
appear to be exclusively derived from fragmentation of 
the sugar moiety attached to Asn 2 i. This is attributable 
to the fact that the sugar residue is exposed on the out- 
side surface of the molecule 46,48 * 49 and is the only part of 
this otherwise tight compact molecule that can be broken 
off during the MS/MS experiment. The single exception 
is the fragment ion at mlz 1410 from disulfide-reduced 
protein. This fragment ion was formed in equal abun- 
dance from each of the glycoforms (1-, 2- and 5CHO). 
A listing of all possible fragment ions from this protein 
revealed a reasonable match with singly charged bn and 
y 13 ions. Inspection of the currently favored model for the 
protein 49 reveals that cleavage at the Gln66-Pro 6 7 amide 
bond that would release the y 13 + ion. This is a possi- 
ble site for fragmentation because it is located in a loop 
segment of the multi-helical barrel structure, joining the 
third and fourth helical segments. This fragment is not 
evident in the tandem mass spectra of the native protein, 
presumably because the internal disulfide bonds keep the 
structure intact. Confirmation of the assignment of y^ 4 " 
by using greater mass resolution for unambiguous charge 
state assignment and/or more accurate mlz assignment 
would provide support for the current structural model. 

The attempts to demonstrate ions for physiologically 
meaningful non-covalent associations between CSAct 
molecules themselves and between CS and CSAct 
by mass spectrometry are to be contrasted with a 
growing volume of literature from other proteins and 
ligands on this subject 50,51 (see Ref. 52 for a recent 
review). The dimeric nature of CSAct at pH 4-7 in 
aqueous buffers has been repeatedly demonstrated through 
the use of size -exclusion chromatography using OD 280 
absorption for detection 24 (see Ref. 8 for a summary) 
and more recently through the use of light scattering 
detection (A. J. Waring et a/., unpublished observations). 
Furthermore, it is generally accepted that two molecules of 
protein bind a single molecule of CS. This stoichiometry 
has been demonstrated independently by several different 
laboratories (summarized in Ref. 8). However, repeated 
attempts to identify mass spectrometric conditions which 
favored gas-phase retention of the dimeric nature of 
the protein and the 2:1 binding stoichiometry between 
protein and lipid were only partially successful. These 
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results were obtained despite the use of conditions which 
favored heme binding to myoglobin (as a test case), 
CSAct dimerization and CS-CSAct binding. It is not 
clear that the low-abundance complexes observed at 
low buffer concentrations represent anything more than 
the non-specific interactions frequently observed in the 
electro spray process. However, with nanospray on the 
ESI/TOF instrument the apparent large relative abundance 
of the expected dimer and (dimer + 1 lipid) complexes 
at 100 mM buffer concentration supports the idea that 
these complexes result from specific interactions. Such 
observations of complexes at high salt concentrations 
with nanospray when nothing is observed under low salt 
conditions have been made for a number of complexes 
at Manitoba, and have been reported also for the 
HU protein. 53 Nevertheless, under the most favorable 
conditions the ions for the dimer and the [dimer + 1 lipid] 
were always accompanied by ions of similar or greater 
abundance for the monomeric protein. 

Two explanations can be offered for these results. 
One possibility is simply that conditions were not used 



which favored complete retention of non-covalent asso- 
ciations in the gas phase with this protein. Our pre- 
ferred explanation is that non-covalent associations with 
this protein (both dimerization and ligand binding) are 
largely hydrophobic in nature. In the gas phase the 
complete absence of water molecules attached to the 
protein results in loss of the hydrophobic forces and 
dissociation to monomeric protein free of ligand. This 
explanation will be tested as results are reported for 
other protein-ligand complexes which rely heavily on 
hydrophobic forces. 
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